Municipal solid waste management (MSWM) is the major environmental concern for Khulna, the third largest city of Bangladesh. The aim of the study was to determine the most environmentally friendly option of MSWM system for Khulna city. The present system of MSWM in Khulna city was chosen as the baseline scenario in which recycling, composting and landfilling are 9.1, 4.4 and 86.5% respectively of the total managed waste. Different scenarios were developed by varying the percentage of recycling, composting and landfilling. The life cycle inventory analysis of MSWM system was done by integrated waste management model for each scenario. The model outputs of each scenario were classified into impact categories: emission of the following pollutants: greenhouse gases, acidic gases, smog precursors, heavy metal and organics to air and to water as well as quantity of residual waste and energy consumption or recovery. In the context of the aforesaid impact categories, scenario 7 consist of 71% composting, 13.6% recycling and 15.4% landfilling is the most favorable alternative for Khulna city.
Introduction
Sustainable management of municipal solid waste (MSW) is a critical issue of the municipal authority in most of the cities in the world because of the growing volume of waste and the presence of harmful chemicals and additives in different waste fractions [1] [2] [3] . In Bangladesh, MSW management (MSWM) system is not well-organized and generally based on collection and dumping of MSW [4] . In Khulna city, the quantity of total generated MSW is 420 to 520 t d − 1 and the Khulna city corporation (KCC) authority is responsible for waste management [5] . By door to door collection system, MSW are generally deposited in secondary disposal sites (SDS) either by the dwellers themselves or community based organizations or non-government organizations [6] . KCC performs MSWM through transportation of MSW from SDS to the final disposal sites (FDS) at Rajbandh, about 7 km away from the main city [7] . The existing practice of MSWM has led to various emissions of greenhouse gases (GHG) such as carbon dioxide from the production of new materials and methane from the decomposition of organic waste in landfills [8] . Similarly, uncontrolled disposal of MSW is a latent reason for water pollution, public health problems, explosion and landslide.
The Waste Framework Directive does not state which assessment method should be used if deviating from the waste hierarchy, but one of the possibilities is life cycle assessment (LCA), which starts as an assessment method for products but has, since the early 1990s, begun to be used on waste management as well [9] . Also LCA is an effective decision supporting tool associated with a product, process or service from cradle to grave and from production of the raw materials to final disposal of wastes for assessing different approaches of waste management through examining environmental impacts [10] [11] [12] [13] . In Khulna city, a few studies have been found to assess the sustainable MSWM by applying LCA methodology. The aim of the present study is to determine the sustainable solid waste management system emphasizing on recycling and composting for Khulna city through LCA.
Materials and methods

Study area
In Bangladesh, Khulna is situated below the tropic of cancer, around the intersection of latitude 22.49°N and longitude 89.34°E. Being the third largest city of country, the encompassing city has an estimated population of 1.5 million. The city has 31 wards, an estimated total land area of 47 km 2 , and the population density of 67,994 km − 2 [5] . The whole city area was selected for the survey area. There is a separate department for the MSWM in KCC namely conservancy department. The location of study area in context of Bangladesh as shown in Fig. 1 .
Survey in study area
A series of field surveys were done to find the amount of MSW used for landfilling, composting and recycling. The field surveys were conducted at each location of SDS, large hauled container points (LHCP), small hauled container points (SHCP), and distinct collection routes (DCR) throughout the city. Countless questionnaire surveys were done with the drivers of waste collection vehicles, employees of conservancy department of KCC, workers of waste collection vehicles and landfill management to collect the quantity of fuel used in collection and transportation of MSW. It is to be noted that the three major seasons are winter season (December to February), summer season (March to May) and rainy season (June to September) in Bangladesh. For the simplicity of research, the year was sub-divided into the two season, i.e., dry season (October to March) and wet season (April to September). Moreover, the amount of MSW from each location of SDS, LHCP, SHCP and DCR was recorded throughout the entire November 2016 for the dry season and throughout the entire July 2017 for the wet season.
Life cycle inventory analysis
The life cycle inventory analysis was done by an integrated waste management (IWM)-2.0 model which is an Excel TM model with a visual basic graphical interface [14] . In Europe, South America and Asia, the IWM model is designed as a decision supporting tool to decide between various options for waste management in industry as well as local government [15] [16] [17] [18] .
The major input values of the model were composition of MSW, amount of recycled MSW, amount of composted MSW, amount of landfilled MSW, average driven distance by collection and transportation vehicles, and quantity of fuel consumption. The flow diagram for life cycle inventory analysis is given in Fig. 2 . The total quantity of waste collected at the curb (recyclables, organics and garbage) and the composition of the total waste stream were entered in input screen A of the model. In case of input screen B, the waste flow data such as quantity of waste sent for recycling, composting, land application, energy recovery and landfilling were entered. The data related to the collection and transportation of waste in the system such as distance driven by collection trucks, type of fuel used and fuel efficiency were entered in input screen C. In input screen D, users have the option of choosing the mix of power generation methods, or the average mix of power generation methods. Alternatively, a user can specify a custom grid by selecting the 'custom' option on screen D. 'Custom' button was selected and allowed the user to input the percentage of power generated by each of the generating methods. Input screen E will only appear if the user has entered a number greater than zero for quantity of waste recycled. The data related to recovery rates was entered on this screen. The data related to energy consumption, percent residue, residue management, distance to markets and distance from material recovery facility to landfill were entered in input screen F. The entered data on input screen G includes breakdown in tons of the materials sent for composting, composition of yard waste, energy consumption and distance from composting facility to landfill. Input screen H will only appear if the user has entered a number greater than zero for quantity of waste land applied in input screen B. The entered data in this screen were the composition of yard waste and energy consumption. The energy recovered and energy recovery efficiency were entered in input screen I. In input screen J, the data related to gas recovery, energy recovery, annual precipitation and energy consumption were entered. All the data were entered in input screen A to J for each modelled scenario. Due to the space constraint, only the entered data in baseline scenario are shown in Table 1 .
The outputs of each scenario were calculated by using IWM model and classified into impact categories: emission of GHGs, emission of acid gases, emission of smog precursors, emission of heavy metal and organics to air, emission of heavy metal and organics to water, quantity of residual waste and energy consumption or recovery. The percent reduction of emission in aforementioned categories compared to baseline scenario was calculated by Eq. (1) as follows:
where, ER = Emission reduction, EB = Emission of baseline scenario and EM = Emission of modelled scenario. Results and discussion
Quantity of collected and transported MSW
The field survey reveals that there are 11 SHCPs having capacity of 3000 kg each and 27 large LHCPs having capacity of 5000 kg each; 12 DCRs and 17 SDSs at different locations in Khulna city. The study also finds that the total quantity of collected and transported MSW from SDS, LHCP, SHCP and DCR to FDS is 374 t d − 1 as shown in Table 2 . From FDS only 18 t d − 1 of MSW is directly used for the composting purpose by non-government organization. Therefore, the quantity of MSW managed through landfilling in FDS is 356 t d − 1 . Table 3 represents the description of seven modelled scenarios for sustainable waste management system in Khulna city. The present practice of MSWM in Khulna is chosen as the baseline scenario in which recycling is considered as 9.1% (37.23 t d
Modelled scenarios
) from the authors' another study [7] , composting is considered as 4.4% (18 t d ). In modelled scenarios, an incineration technique in MSW management is not considered due to no facility practically in Khulna city. The baseline scenario is used as the reference against which modelled scenarios 1 to 4 are measured. The scenarios 5 to 7 represent the combination of percentage of different MSW management technique. It is to be noted that based on composition of MSW in Khulna city, the maximum percentage of compostable and recyclable MSW is considered in modelled scenario 7. It is estimated that the recyclable waste in the city is about 14.2%, and compostable food and vegetable waste is about 78.9% from the composition of solid waste of Khulna city [19] . In the scenario 1 (S-1), the composting is increased to six times of the baseline scenario (26.3%) because of present existing facility of composting technique by a non-government organization named Rural Unfortunates Safely Talisman Illumination Cottage which is locally called RUSTIC, recycling is considered at the same of the baseline scenario (9.1%) and landfilling is decreased to 64.6%. This scenario emphasizes composting technique of MSW in Khulna city [11] . Smiliarly in the scenario 2 (S-2), the composting is increased to twelve times of baseline scenario (52.6%), the recycling is considered at the same level of the baseline scenario (9.1%) and landfilling is decreased (38.3%). The reason for the further increment of the percentage of composting of MSW is to compare the amount of emission reduction of different environmental parameters. In the scenario 3 (S-3), the composting is increased to the highest level as 71.0% (i.e., 90% of compostable food and vegetable waste) due to the available quantity of compostable MSW excluding losses in collection, transportation, and sorting from other MSW, the recycling is at the same of the baseline scenario (9.1%) and landfilling is decreased (19.9%).
In the scenario 4 (S-4), the recycling is increased to its highest level of maximum recycleable MSW as 13.6% excluding 5 to 6% material losses, composting is considered at the same level of the baseline scenario (4.4%) and landfilling is decreased (82.0%).
In case of scenario 5 (S-5), a combination is made through consideration of composting level as similiar to S-1 and recycling level as similar to S-4. In case of scenario 6 (S-6) composting level is considered as similiar to S-2 and recycling level as similar to S-4. In case scenario-7 (S-7), composting level is considered as similiar to S-3 and recycling level as similar to S-4. Figure 3 represents the amount of managed waste at different modelled scenarios. 
Life cycle inventory analysis
Based on the data gathered at the inventory analysis stage, the IWM Model was run for total managed waste of 411.23 t d − 1 in each scenario. The results of the simulation were evaluated on the environmental aspects for all the scenarios as described below. It is to be noted that in all tables, positive values indicate energy consumed or emission released and negative values indicate energy recovered or emissions reduced. Table 4 shows the summary of GHGs emission from different modelled scenarios. The highest emission of GHGs (719.6 t CO 2 eq d − 1 ) was found in S-0 due to the highest percentage of landfilling (86.5%) and lowest percentage of recycling (9.1%) as well as composting (4.4%). On the other hand the lowest emission of GHGs (172.4 t CO 2 eq d − 1 ) was found in S-7 due to the lowest percentage of landfilling (15.4%) and highest percentage of recycling (13.6%) as well as composting (71.0%). The maximum reduction of GHGs as calculated by Eq. (1) was found in S-7 as 76% compared to baseline scenario. Table 5 shows the acidic gases emission from different modelled scenarios in total waste management system. The emission of acid gases such as Nitrogen Oxides (NOx), Sulfur Oxides (SOx) and Hydrochloric acid (HCl) were calculated by the model. In total waste management system, the highest emission of acidic gases was found in S-0 due to the highest percentage of landfilling (86.5%) and lowest percentage of recycling (9.1%) as well as composting (4.4%). On the other hand the lowest emission of acidic gases was found in S-7 due to the lowest percentage of landfilling (15.4%) and highest percentage of recycling (13.6%) as well as composting (71.0%). In S-7, the maximum reduction of emission of NOx, SOx and HCl was found to be 12, 50 and 78% respectively compared to baseline scenario. Table 6 shows the emission of smog precursors such as NOx, particulate matter (PM), volatile organic compounds (VOCs). In total waste management system, the highest emission of smog precursors was found in S-0. On the other hand the lowest emission of smog precursors was found in S-7 due to the lowest percentage of landfilling and highest percentage of recycling as well as composting. Also the maximum reduction of emission of NOx, PM, VOCs was found in S-7 as 12, 28 and 69%, respectively compared to baseline scenario. Table 7 represents the emission of heavy metal and organics to air in total waste management system. In case of lead emission, the highest emission was found in S-0 as 1858 mg d − 1 due to the highest percentage of landfilling. Conversely the lowest emission was found in S-7 as 639 mg d − 1 which is 65.6% lower compared to baseline scenario. In the same way the maximum emission reductions of mercury, cadmium and dioxins were found in S-7 as 47, 71 and 76% respectively compared to baseline scenario.
In case of emission of heavy metal and organics to water in total waste management system, the lowest emission to water was found in S-7 as shown in Table 8 . In S-7, the maximum emission reductions of lead, mercury, cadmium, biochemical oxygen demand and dioxins were found to be approximately 75% as compared to baseline scenario. Table 9 shows quantity of residual waste in total waste management system. In case of S-0, the maximun residual waste was found as 358.8 t d
− 1 due to larger quantity of landfilling. On the other hand, the minimum residual was found in S-7 as 80.8 t d − 1 . In addition the maximum reduction of residual waste was found in S-7 as 78%. Table 10 repersents amount of energy consumption or recovery of modelled scenarios in various waste management techniques. The maximum net energy recovering were found in S-4 (−1491 GJ d 
Conclusions
The main conclusions drawn from the present study are as follows:
(i) Scenario 7 has the least emission of greenhouse gases, acidic gases, smog precursors, heavy metal and organics to air as well as to water than that of all other scenarios. (ii) Scenarios 4 to 7 consume less energy compared to other scenarios. (iii)Scenario 7 has the minimum residual waste than that of all other scenarios.
Therefore, it can be concluded that scenario 7 is the best waste management system for Khulna city of Bangladesh. 
